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Edited by Ulf-Ingo Flu¨ggeAbstract Arabidopsis phosphatidylinositol phosphate
(PtdInsP) kinase 10 (AtPIPK10; At4g01190) is shown to be a
functional enzyme of the subfamily A, type I AtPtdInsP kinases.
It is biochemically distinct from AtPIPK1 (At1g21980), the only
other previously characterized AtPtdInsP kinase which is of the
B subfamily. AtPIPK10 has the same Km, but a 10-fold lower
Vmax than AtPIPK1 and it is insensitive to phosphatidic acid.
AtPIPK10 transcript is most abundant in inﬂorescence stalks
and ﬂowers, whereas AtPIPK1 transcript is present in all tissues.
Comparative analysis of recombinant AtPIPK10 and AtPIPK1
with recombinant HsPIPKIa reveals that the Arabidopsis en-
zymes have roughly 200- and 20-fold lower Vmax/Km, respec-
tively. These data reveal one explanation for the longstanding
mystery of the relatively low phosphatidylinositol-(4,5)-bisphos-
phate:phosphatidylinositol-4-phosphate ratio in terrestrial
plants.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Biochemical characterization of the human PtdInsP kinases
has provided a clear basis for understanding the regulation of
phosphatidylinositol-(4,5)-bisphosphate (PtdIns(4,5)P2) bio-
synthesis in animals [1]; however, data on the plant enzymes
are far from complete [2]. Only one of the 11 putative PtdInsPAbbreviations: At, Arabidopsis thaliana; bCD, b-cyclodextrin; Hs,
Homo sapiens; GST, glutathione-S-transferase; MORN, membrane
occupation and recognition nexus; PtdOH, phosphatidic acid; PtdInsP,
phosphatidylinositol phosphate; PtdIns4P, phosphatidylinositol-4-
phosphate; PtdIns3P, phosphatidylinositol-3-phosphate; PtdIns5P,
phosphatidylinositol-5-phosphate; PtdIns(4,5)P2, phosphatidylinosi-
tol-(4,5)-bisphosphate; PIPK, phosphatidylinositol phosphate kinase
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enzyme. Furthermore, there is no good explanation as to
why in vivo measurements and in vitro assays consistently
show that a lower ratio of PtdIns(4,5)P2:phosphatidylinosi-
tol-4-phosphate (PtdIns4P) is produced in terrestrial plants
compared to animals [3–6]. Our hypothesis was that compara-
tive kinetic analyses of the plant and animal recombinant pro-
teins would shed some light on this conundrum. To this end,
we have selected two representative enzymes, one from each
of the two subfamilies of type I/II AtPIPKs [2]. The nomencla-
ture is based, in part, on descriptions of the human PIPKs.
The human PtdInsP kinases have been classiﬁed into three
families based on their phosphorylation site and substrate
speciﬁcity [1]. The type I PtdInsP kinases are PtdInsP 5-ki-
nases that preferentially phosphorylate PtdIns4P; the type
II kinases are PtdInsP 4-kinases that preferentially phosphor-
ylate PtdIns5P; the type III kinases contain a distinct
PtdIns3P binding domain and are PtdInsP 5-kinases that
preferentially phosphorylate PtdIns3P [7]. A conserved region
denoted the activation loop has an essential role in deﬁning
the substrate speciﬁcity of the type I and II PtdInsP kinases
[1,8–10]. Interchanging the activation loop of the type I and
type II PtdInsP kinases predictively alters the site of phos-
phorylation and will convert a PtdInsP 5-kinase into a
PtdInsP 4-kinase and visa versa [7]. Furthermore, using
site-directed mutagenesis, Kunz et al. [10] demonstrated that
a conserved Glu in the activation loop of the human type I
PtdInsP kinases is essential for eﬃcient PtdIns4P 5-kinase
function. In contrast, the activation loops of the type II hu-
man enzymes have a conserved Ala that is essential for eﬀec-
tive PtdIns5P 4-kinase function.
The Arabidopsis PtdInsP kinases previously were classiﬁed
into two families, a type I/II and III [2]. The type I/II
AtPIPKs were further subdivided based on amino acid
sequence into subfamilies A and B [2]. The B subfamily
includes AtPIPK1 and eight other putative isoforms ranging
in size from 86 to 98 kDa. All members of the B subfamily
contain putative membrane occupation and recognition
nexus (MORN) repeats in the N-terminus. The A subfamily
consists of only two isoforms, AtPIPK10 (At4g01190) and
AtPIPK11 (At1g01460). Both lack the N-terminal MORN
repeats and are predicted to be smaller, 46 and 48 kDa,
respectively. Transcript proﬁles of Arabidopsis pollen grains
have identiﬁed AtPIPK11 as one of the 150 genes selectively
expressed in pollen [11]. None of the A subfamily of pro-
teins, however, have been shown to be functional enzymesation of European Biochemical Societies.
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kinases (AtFab1a-d) are similar at the amino acid level
to the human type III kinases and the yeast FAB enzymes
[2].
AtPIPK1 is the only previously characterized type I/II Ara-
bidopsis PtdInsP kinase [2,12–16]. AtPIPK1 encodes a 752 ami-
no acid protein with a predicted molecular weight of 86 kDa.
Westergren et al. [13] showed that the preferred substrate of
AtPIPK1 is PtdIns4P, although PtdIns3P and PtdIns5P are
also phosphorylated. In addition, they showed that the activity
is down-regulated by protein phosphorylation. Although the
transcript is abundant and can be detected in all tissue types
tested, studies using promoter–Gus fusions suggest that the
highest AtPIPK1 expression is in procambial cells of leaves,
ﬂowers and roots [14].
In this report, we show that AtPIPK10 encodes a func-
tional PtdInsP kinase and show that several biochemical
properties of AtPIPK10 are distinct from those of AtPIPK1.
Two diﬀerent expression systems were used: the eukaryotic
Spodoptera frugiperda (Sf9) insect cell system to monitor re-
combinant enzyme activity for substrate speciﬁcity, Triton
sensitivity and optimal ATP concentration, and a prokaryotic
Escherichia coli system to obtain puriﬁed recombinant gluta-
thione S-transferase (GST)-fusion proteins for kinetic analy-
sis and also substrate speciﬁcity. When using the puriﬁed
recombinant protein, we took advantage of a newly devel-
oped b cyclodextrin (bCD) method for substrate delivery to
characterize substrate speciﬁcity [15]. In addition, to gain in-
sights into the diﬀerences in the animal and plant phosphoin-
ositide pathway, the kinetics of the recombinant Arabidopsis
GST-PtdInsP kinases were compared with recombinant
GST-HsPIPKIa.2. Methods
2.1. Cloning AtPIPK1 and AtPIPK10
A full-length AtPIPK1 cDNA was isolated by screening a size frac-
tionated (3–6 kb) Arabidopsis k ZAPII cDNA library [17] using the
EST clone # 109L23T7 as a probe. The cDNA library and EST clone
were obtained from the ABRC (Ohio State University). Several posi-
tive clones were identiﬁed and carried through two successive screens.
The largest cDNA clone (3.0 kb) was sequenced completely in both
directions (Sequencing facility at Iowa State University) and found
to be identical to At1g21980 (Accession Nos. NM102047,
AFO19380, and AAB82658).
The AtPIPK10 clone was isolated by RT-PCR using speciﬁc primers
based on the sequence of At4g01190. The 5 0 primer sequence was cho-
sen 62 nucleotides upstream of the start site and the 3 0 primer was lo-
cated 30 nucleotides downstream of the stop codon based on the
predicted coding region. Primers used were:
Forward primer, 5 0- GATTTTCTATGATCTATTTAGGG-3 0.
Reverse primer, 5 0- AAAACTGCAGTCCACTTGGAAATC-3 0.
The resulting 1.3 kb PCR fragment was subcloned into pCRBlunt
(Invitrogen) and sequenced completely in both directions. The se-
quence was found to be identical to At4g01190 (Accession Nos.
NM116349 and CAB80928).
2.2. Expression AtPIPK1 and AtPIPK10 in Sf9 insect cells
The coding regions of each of the two Arabidopsis PtdInsP 5-kinase
cDNAs AtPIPK1 and AtPIPK10 were subcloned into the baculovirus
expression vector pFastBacHtb for expression in Sf9 cells (Life Tech-
nologies/Gibco-BRL). Recombinant baculoviruses and recombinant
His-tagged proteins were generated according to the manufacturers
instructions and as previously described [18]. Optimal recombinant
protein expression was determined to be after 2 days of transfection.
Insect cells were harvested and lysate prepared as described by Steven-son-Paulik et al. [18]. Protein content of the cleared lysate was esti-
mated by Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA)
with BSA as a standard.2.3. Production of GST-fusion proteins in E. coli
GST-AtPIPK1 was cloned and expressed in E. coli as previously de-
scribed [15]. AtPIPK10 cDNA was subcloned and expressed with the
same protocols except that PCR ampliﬁcation was done with the for-
ward primer 5 0-AAACCCATGGAGCTGAGAGCCACGGTG-30
and reverse primer 5 0-AAAACTGCAGTCCACTTGGAAATC-30 to
create restriction sites for directional cloning into the pET-41a vector.
Human PIPKIa, a gift from Richard Anderson, University of Wiscon-
sin, was PCR ampliﬁed using pfx DNA polymerase with forward pri-
mer 5 0-CACCATGGCGTCGGCCTCCTCCGGG-3 0 and reverse
primer 5 0-CGCTTAATGGGTGAACTCTGACTCTGC-3 0. The
resulting PCR product was subcloned into the pENTR/SD/D-TOPO
destination vectors (Invitrogen, Carlsbad, CA) and then into
pDEST15 for expression of GST-HsPIPKIa proteins in E. coli. The
GST-fusion proteins were produced and puriﬁed as previously de-
scribed [15]. Protein concentration was determined using the Bio-
Rad protein assay reagent (Bio-Rad) with BSA as a standard. Puriﬁed
recombinant protein bound to the glutathione–Sepharose beads was
stored at 4 C until use in lipid kinase assays.2.4. PtdInsP 5-kinase assays
For the insect cell lysates, equal amounts of protein (15 lg) were
tested for PtdInsP 5-kinase activity as previously described [19] ex-
cept that a ﬁnal concentration of 0.1% (v/v) Triton X-100 was
used. Lysate from insect cells expressing GFP was used as a con-
trol (Mock infected). For the E. coli expressed protein, puriﬁed re-
combinant GST-AtPIPK1 and GST-AtPIPK10 were assayed using
125 lM PtdInsP and 5 mM bCD as a substrate delivery system
as previously described [15]. PtdOH was added to give a ﬁnal con-
centration of 125 lM and 0.1% Triton where indicated. Products
were extracted, separated by TLC on LK5 silica gel plates (What-
man Inc.) using a CHCl3/MeOH/NH4OH/H2O 90:90:7:22 (v/v) [20]
solvent system and quantiﬁed using a Bioscan System 500 Imaging
scanner.2.5. Tissue distribution of AtPIPK transcripts by RT-PCR
Total RNA was isolated from 6-week old Arabidopsis plants
growing in long day cycle from leaves, roots, inﬂorescence stalks
and ﬂowers. In addition, leaves were harvested from 2-week old
plants. Tissues were ground immediately in liquid N2 and RNA
was isolated using the RNeasy plant kit (Qiagen), with an additional
DNase treatment to remove contaminating genomic DNA. RNA was
quantiﬁed and analyzed by gel electrophoresis. Reverse transcription
was carried out to generate cDNA using 1 lg of total RNA, 0.5 lg
random primers (Promega) 0.5 mM each dNTPs, 10 U RNase inhib-
itor and 4 U of Omniscript reverse transcriptase enzyme (Qiagen) and
RNase free water in a volume of 20 ll. Reactions were incubated at
37 C for 1 h. AtPIPK1 and AtPIPK10 transcripts were detected by
PCR using 2.5 ll of each RT reaction and gene speciﬁc primers.
Primers were selected from non-conserved regions and contained at
least four to ﬁve mismatches each compared with the closest related
sequences (AtPIPK2 and AtPIPK11, respectively). The experiment
has been repeated with two independent biological replicates and
RNA preparations.
Primer sequences are as follows:
AtPIPK1 forward 5 0-AGCAGCGTCGTTCAGAAGAAGA-3 0.
AtPIPK1 reverse 5 0-TTTCCCTGAAGCTTTCCCTCGT-3 0.
AtPIPK10 forward 5 0-TGAACCCGGTTTACGGTAGCTT-3 0.
AtPIPK10 reverse 5 0-TTCTCCGGTTTCTCTCGTCACT-3 0.
Ubiquitin10 forward 5 0-GATCTTTGCCGGAAAACAATTGGA-
GGATGGT-30.
Ubquitin10 reverse 5 0-CGACTTGTCATTAGAAAGAAAGAGAT-
AACAGG-30.
PCRs contained 5 ll 10· PCR buﬀer, 2.5 mM MgCl2, 0.2 mM each
dNTP, 0.4 lM of each primer and 1.25 U HotStar Taq DNA Polymer-
ase (Qiagen) in a volume of 50 ll. PCR conditions were 95 C for
15 min followed by 25 cycles of 94 C for 30 s, 56.5 C for 1 min and
72 C for 1 min for 25 cycles for AtPIPK1 and Ubq10 and 30 cycles
of 94 C for 30 s, 55 C for 1 min and 72 C for 1 min for AtPIPK10.
Table 1
Substrate preference of AtPIPK1 and AtPIPK10
Enzyme Substrate
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made with 150 mM NaCl and 10 mM Tris–HCl, pH 7.5 (TBS), buﬀer
and run in TBS buﬀer.PtdIns4P PtdIns3P PtdIns5P PtdIns(3,4)P2
Sf9 cells
Mock 28.4 ± 2.0 0.68 ± 0.09 1.2 ± 0.17 0.91 ± 0.01
AtPIPK1 101.7 ± 7.9 4.6 ± 0.38 1.7 ± 0.16 2.5 ± 0.08
AtPIPK10 39.7 ± 3.0 1.9 ± 0.15 1.1 ± 0.03 1.81 ± 0.59
GST-fusion
GST 0 0 0 n/d
AtPIPK1 577.3 ± 38.5 38.4 ± 6.5 0 n/d
AtPIPK10 67.1 ± 2.9 10.7 ± 1.5 0 n/d
Speciﬁc activities of lysates from mock infected cells and insect cells
producing AtPIPK1 and AtPIPK10 and from puriﬁed recombinant
GST-AtPIPK1 and GST-AtPIPK10 were measured to determine
substrate preference. Equal amounts of lysate or puriﬁed protein were
incubated with the indicated substrates, 125 lM PtdIns4P, PtdIns3P,
PtdIns5P, or PtdIns(3,4)P2 and [c-
32P] ATP as described in Section 2.
The 32P-labeled lipids were separated by TLC and quantiﬁed using a
Bioscan Imaging scanner. The product formed with PtdIns4P as the
substrate is signiﬁcantly higher than with other substrates. Speciﬁc
activity is shown as pmol/min mg protein (n/d = not determined).3. Results and discussion
A proﬁle of the transcript abundance of AtPIPK10 is com-
pared to that of AtPIPK1 in Fig. 1A. Ubiquitin 10 is used as
an RNA loading control. As others have indicated AtPIPK1
is present in all the major tissue types tested [14]. In contrast,
the AtPIPK10 transcript is most abundant in inﬂorescence
stems and ﬂowers. This is consistent with the report of the
other member of the AtPIPK type IA family AtPIPK11
(At1g01460), which was detected in pollen RNA based on
microarray proﬁles [11].
Both AtPIPK1 and AtPIPK10 were produced in the Sf9 cells
and the His-tagged proteins of predicted size (90 and 49 kDa,
respectively) were recovered as determined by immunoblotting
using an antibody against the His tag (Penta-His Ab from Qia-
gen) (Fig. 1B). Lysates from the transformed Sf9 cell lines were
shown to have the PtdInsP kinase activity using PtdIns4P as a
substrate (Fig. 1C). The speciﬁc activities of the lysates from
AtPIPK10 and AtPIPK1 producing lines were on average
40% and 300% greater, respectively, than the speciﬁc activity
of the lysate from the mock infected control (Table 1). Optimal
concentrations of Triton and ATP were found to be 0.1% (v/v)
and 50 lM, respectively, for both enzymes (data not shown).
Under all conditions tested and with equal protein production,
the speciﬁc activity of the lysate from the AtPIPK10 producing
cells was consistently less than that from the AtPIPK1 lysate.
AtPIPK1 and AtPIPK10 share 62% overall sequence similar-
ity and >80% sequence similarity in the conserved domains. In
addition, AtPIPK1-11 all have the conserved Glu in the activa-
tion loop which is characteristic of the type I PtdInsP kinases
(Fig. 2). This implies that PtdIns4P would be the preferred
substrate and PtdIns(4,5)P2 the product of the reaction. Head
group analysis indicated that PtdIns(4,5)P2 was the productFig. 1. (A) Tissue distribution of AtPIPK10 transcript in comparison to AtP
(old leaves); Ly (young leaves) and R (roots). Equal amounts of RNA from e
RT-PCR using gene-speciﬁc primers for AtPIPIK1 and AtPIPK10. Ampliﬁc
RNA were used from each tissue type. (B) Immunoblot demonstrating the pro
to the His tag were used to visualize the fusion proteins. The predicte
Autoradiograph of a thin layer plate indicating the [32P] lipid formed by mo
AtPIPK1 and AtPIPK10 using PtdIns4P as a substrate.when PtdIns4P is used as a substrate (data not shown). To
compare substrate preference, insect cell lysates were assayed
for PtdInsP kinase activity using PtdIns3P, PtdIns4P,
PtdIns5P or PtdIns(3,4)P2 as a substrate. As shown in Table
1, for both AtPIPKs, PtdIns4P was by far the preferred sub-
strate. With AtPIPK10, no detectable product was recovered
when PtdIns5P was used as the substrate, and compared to
PtdIns4P, there was 10-fold less product formed with PtdIns3P
and PtdIns(3,4)P2. With AtPIPK1 in this heterologous system,
PtdIns5P and PtdIns(3,4)P2 were phosphorylated, but not to
the extent of PtdIns3P. Using the E. coli expressed GST-puri-
ﬁed AtPIPK1 and AtPIPK10, we observed a similar (>6-fold)
preference for PtdIns4P relative to PtdIns3P and there was no
detectable product formed with PtdIns5P as a substrate (Table
1). These in vitro data and previous reports indicating theIPK1. RNA was isolated from In (inﬂorescence stems); F (ﬂowers); Lo
ach sample were reverse transcribed and subjected to semi-quantitative
ation of Ubiquitin 10 (UBQ10) is shown to indicate equal amounts of
duction of His-tagged AtPIPK1 and AtPIPK10 in Sf9 cells. Antibodies
d molecular weights of the His-tagged proteins are indicated. (C)
ck infected Sf9 cell lysates (control) and lysates from cells producing
Fig. 3. Kinetic analysis of the PtdInsP 5-kinases using PtdIns4P as a substra
aﬃnity puriﬁcation. Lane 1 is GST alone, lane 2 GST-AtPIPK10, lane 3 GST
are indicated. Speciﬁc activity measured with increasing concentrations of P
recombinant proteins were incubated with increasing amounts of PtdIns4P i
HsPIPKIa. The data are reported as averages of two independent experime
Table 2
Kinetic analysis of AtPIPK1 and AtPIPK10 compared to the HsPIPKIa
Enzyme Apparent Km (lM) Apparent Vmax (pmol/
AtPIPK1 69 ± 12.89 600 ± 14.92
AtPIPK10 65 ± 5.81 67 ± 6.41
HsPIPKIa 21 ± 9.25 4100 ± 25.11
The data are averages from two independent sets of experiments that gave sim
and under identical conditions using 125 lM PtdIns4P in 5 mM bCD as a sub
and pmol/min mg puriﬁed protein for Vmax. PtdOH activation was using a ﬁ
*Reported by Jones et al. [23].
Fig. 2. Amino acid alignment of the activation loops of all Arabidopsis
PIPKs relative to human enzymes HsPIPKIa (NM_003557) and
HsPIPKIIa (NP_005019). Notations: (E) confers substrate speciﬁcity
and is conserved in animal Type I and Arabidopsis type I PIPK1-11; (\)
residues conserved in all PIPKs (animal and Arabidopsis); (underline)
residues conserved in animal Type I and Arabidopsis PIPK1-11 (not
present in Type II PIPKs).
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that PtdIns4P will be the predominant functional substrate
in vivo. It is possible, however, that in response to stress or
within selective microdomains of the membrane other sub-
strates might increase suﬃciently to compete with PtdIns4P
[21].
Although the insect cell system provides a more natural
environment than puriﬁed recombinant protein, in order to
compare enzyme kinetics, we used puriﬁed recombinant
GST-fusion proteins produced in an E. coli expression system
(Fig. 3A). The Km of the GST-AtPIPK1 and GST-AtPIPK10
were very similar; however, the Vmax for GST-AtPIPK1 was
10-fold higher (Fig. 3B and C and Table 2). In addition,
AtPIPK1 speciﬁc activity increased 2-fold in the presence of
PtdOH and AtPIPK10 did not. The same diﬀerence in sensitiv-
ity to PtdOH was observed with enzymes produced in insect
cells (data not shown). The increased Vmax for AtPIPK1te. (A) A Coomassie-stained gel of the GST-recombinant proteins after
-AtPIPK1. The predicted molecular weights of the GST-tagged proteins
tdIns4P to determine the Km and Vmax of the enzymes. The puriﬁed
n 5 mM bCD. (B) GST-AtPIPK10, (C) GST-AtPIPK1, and (D) GST-
nts.
min Æmg) Vmax/Km Fold activation by PtdOH
9 2.1 ± 0.2
1 None
195 2*
ilar values. Recombinant enzymes were assayed using 10 lg of protein
strate as described in Section 2. Units for kinetic values are lM for Km
nal concentration of 125 lM PtdOH.
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activity observed when comparing AtPIPK1 and AtPIPK10
in the insect cell lysates.
The relatively low production of PtdIns(4,5)P2 both in vivo
and in vitro by all terrestrial plants has been a puzzle [3,4,22].
A comparison of the Km and Vmax of the E. coli-produced
GST-AtPIPK1 and GST-AtPIPK10 to that of GST-HsPIPKI
a, revealed one potential reason for these diﬀerences (Fig.
3B–D and Table 2). Under identical reaction conditions, the
Arabidopsis enzymes have both a higher Km for PtdIns4P
and a lower Vmax compared to GST-HsPIPKIa (Table 2).
The kinetic assays were done in the absence of PtdOH. Others
have shown that HsPIPKIa, like AtPIPK1, is activated about
2-fold by PtdOH [23].
The increase in Km and decrease in Vmax would contribute to
the decrease in production of PtdIns(4,5)P2 in plants compared
to many animal cell types even when there appears to be ample
PtdIns4Ppresent. It shouldbe noted that theKmandVmax values
reported are for E. coli produced GST-fusion proteins assayed
using bCD for substrate delivery as indicated in Section 2.
bCD does not aﬀect the Km of the enzyme but will increase the
Vmax 6-fold [15] so theVmax values cannot be compared directly
to those using Triton X-100 [10]. In addition, GST may prevent
dimer formation and increase theKm relative to a His tag fusion
protein (Richard Anderson, unpublished results). The signiﬁ-
cance of the data in Table 2 is that the plant enzymes are consid-
erably less active than the human isoform when assayed under
the same conditions and with the same fusion constructs.
In conclusion, we have shown that AtPIPK10 is a functional
PtdIns4P 5-kinase; the Vmax is 10-fold lower than the Vmax of
AtPIPK1, and unlike AtPIPK1, the speciﬁc activity is not af-
fected by PtdOH. Additionally, all predicted AtPIPKs contain
the consensus sequence similar to the activation loop for the
human type I PIPKs with the conserved Glu, and the substrate
preferences shown for AtPIPK1 [13] (and this work) and for
AtPIPK10 (this work) are similar to that of the human type
I PIPKs. Based on these data we suggest reclassifying At-
PIPK1 and AtPIPK10 as type I PtdInsP 5-kinases and based
on the sequence homology presented (Fig. 2), we anticipate
that the remaining AtPIPKs will also be classiﬁed as type I
PtdInsP 5-kinases. Finally, our data reveal that the relatively
low (1:10 ratio) PtdIns(4,5)P2 compared to PtdIns4P in plants
is consistent with the fact that members of the two subfamilies
of the plant PtdInsP 5-kinases, AtPIPK1 and AtPIPK10 have
roughly 20- and 200-fold lower Vmax/Km ratio compared
to HsPIPKIa, respectively, when assayed under the same
conditions.
Plants respond to many environmental cues such as light
and gravity by changing their pattern of growth. Therefore,
it is important for plants to be able to distinguish between a
transient and long term change in the environment (e.g.,
bending in the wind compared to being blown over and
remaining horizontal) before making a commitment to grow.
Although plants may sense a stimulus immediately, the re-
sponse depends on the duration of the stimulus and might
require multiple pulses of InsP3 to mediate a response
[24,25]. If this is true, then a delay in reﬁlling the
PtdIns(4,5)P2 pools would slow the response time. The rela-
tive lower Vmax/Km ratio of the plant PtdInsP 5-kinases sug-
gests that these enzymes would be much slower in reﬁlling
PtdIns(4,5)P2 signaling pools and thus slower to generate a
second InsP3 signal.Acknowledgments: This work was funded in part by grants from NSF
(W.F.B) and a US-Israel Binational Science Foundation grant to N.
Moran (Hebrew University of Jerusalem, Rehovot) and W. F. Boss
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